Lattice mismatch and crystallographic tilt induced by high-dose ion-implantation into 4H-SiC I. INTRODUCTION Silicon carbide (SiC) is a promising wide bandgap semiconductor for high-temperature, high-voltage, and highfrequency devices. 1,2 Among many SiC polytypes, 4H-SiC is regarded as the most suitable polytype owing to its large bandgap, high electron mobility, and small anisotropy. In the past decades, both the crystal quality and the device fabrication technology have been greatly improved, and SiC Schottky barrier diodes (SBDs) and metal-oxide-semiconductor field-effect transistors (MOSFETs) are now on the market from several manufacturers. However, various kinds of defects still remain in SiC crystals, which can adversely affect the device performance and reliability. For further reduction or precise control of defect density, deep understanding of various defects in SiC is required.
Selective area doping is necessary for fabricating most electronic devices to achieve the optimum device operation. Ion implantation is usually employed for SiC device fabrication, since the diffusion constants of dopant atoms are extremely low. Although fundamental technology of ion implantation has been developed in the past decades, 3, 4 ion implantation can leave serious damage in the lattice sites; generation of point defects 5, 6 and structural defects, [7] [8] [9] polytype transition, surface swelling, 10 and amorphization. Excess interstitial atoms generated by ion implantation can migrate during post-implantation annealing, resulting in the formation of clusters and platelet defects. [7] [8] [9] [11] [12] [13] Surface swelling was found to be proportional to the area density of displaced atoms in addition to the amorphous transition. 10 These implantation-induced defects can remain in the crystal even after high-temperature annealing, and affect the carrier transport. 14, 15 High-dose ion implantation ð> 10 15 cm À2 Þ is required to achieve lower contact resistance at the region where metal contacts are formed. In the SiC device fabrication, phosphorous implantation is effective for the formation of n þ region with a low sheet resistance, 16, 17 and aluminum implantation for the formation of p þ region. 4, 18 To create such heavily doped regions, ions with a concentration of more than 10 19 atoms=cm 3 are usually implanted into SiC crystals. Such high concentration of impurity atoms may affect the SiC lattice constants. In this study, the authors focus on lattice mismatch and crystallographic tilt in highdose ion-implanted 4H-SiC.
Several groups have investigated doping-induced lattice mismatch in SiC layers. [19] [20] [21] [22] [23] Their results suggest that the lattice contraction is caused by heavy nitrogen doping and lattice expansion by heavy aluminum doping, due to the atomic size difference. Doping-induced lattice mismatch has also been indicated by the formation of interfacial dislocations (IDs). [24] [25] [26] IDs have been observed at the epilayer=substrate interface and at the bottom of the ion-implanted region. IDs can be formed by the glide of basal plane dislocations (BPDs) due to thermal stress and misfit stress during the high-temperature process (growth or annealing). [24] [25] [26] BPDs, including IDs, degrade the bipolar devices, since they act as nucleation sites of stacking-fault generation upon carrier injection. 27, 28 In this work, the authors attempt to clarify the influence of heavy doping on lattice parameters of 4H-SiC crystals doped by ion implantation.
II. EXPERIMENTS
The starting materials were lightly doped p-type 4H-SiC epilayers grown on heavily-doped 8 off-axis 4H-SiC(0001)
substrates. The epilayer thickness and doping concentration were 50 lm and 9:6 Â 10 14 cm À3 , respectively. N, P, or Al ions were implanted at 600 C from the sample surface to a a) depth of 330-520 nm with a box profile of 1 Â 10 19 À1 Â10 20 atoms=cm 3 . For one sample, C and Si ions were successively implanted with a mean concentration of 5 Â 10 19 atoms=cm 3 . In the case of ðC þ þ Si þ Þ co-implantation, a half dose for each ion species ðC þ or Si þ Þ was required to generate a box profile of 5 Â 10 19 atoms=cm 3 . All the samples were implanted at normal incidence with respect to the surface (the ion beam was 8 tilted from the c-axis). Acceleration energy, total dose, and implanted depth used to form a box profile with a concentration of 5 Â 10 19 atoms=cm 3 are shown in Tables I and II . The depth profiles of implanted atoms were obtained by SRIM simulation 29, 30 using threshold displacement energy of 22 eV for both C and Si sublattices. 31 The depth profiles obtained by SRIM simulation are shown in Figure 1 . After the ion-implantation, activation annealing was performed in Ar ambient at 1800 C for 10 min. Carbon caps 17 were employed during the high-temperature annealing to protect the sample surface. After removing the carbon caps, lattice parameters were measured with reciprocal space mapping (RSM) using (0008) reflection. From the RSM images for (0008) reflection, vertical lattice mismatch and misorientation can be simultaneously evaluated. The Cu Ka 1 line ðk ¼ 1:540562ÅÞ was used for the x-ray measurements. The penetration length in SiC is about 70 lm for the Cu Ka 1 line, and the incident x-ray used for the (0008) reflection is inclined by about 29:6 from the sample surface. Therefore, reflection signals in the (0008) RSM measurements were collected mainly from ion-implanted layers and lightly doped epilayers. To observe structural defects generated by the ion implantation and annealing process, transmission electron microscopy (TEM) images were taken on ion-implanted and annealed samples. The TEM specimens were prepared using a focused Ga ion beam (FIB) technique. The thickness of the specimens was about 0:2 lm, and the TEM observation was operated at an energy of 300 keV.
III. RESULTS AND DISCUSSION
A. RSM measurements on ion-implanted 4H-SiC Fig. 2 shows the RSM images for (0008) reflection of the P þ -implanted 4H-SiC with a phosphorus concentration of (a) 1 Â 10 19 , (b) 5 Â 10 19 , and (c) 1 Â 10 20 atoms=cm 3 . These implanted samples were annealed before the x-ray measurements. The sample, which was P þ -implanted with 1 Â 10 19 atoms=cm 3 , does not exhibit clear peak splitting in the RSM image ( Fig. 2(a) ). On the other hand, Figs. 2(b) and 2(c) reveal two distinct reflection peaks, originating from the implanted layer and the epilayer, respectively. The ratio of the reflection intensity from each peak is about 3%, which approximately coincides with the value expected from the penetration depth of the incident x-ray. The RSM images of a not-implanted (as-grown) sample show single reflection peak, which corresponds to each reflection peak labeled as "epilayer" in Fig. 2 . Therefore, the authors assigned two reflection peaks as indicated in the figures. The RSM images in Fig. 2 show the increase in the c-lattice constant (decrease in q z : [0001]) of the ion-implanted layers compared with that of the epilayers. In these RSM images, minor reflection signals between the main peaks are observed, indicating intermediate region in the implanted layers. Since the solubility of P atoms in SiC is higher than the concentrations used in this study, most of the implanted P atoms should be electrically activated by post-implantation annealing. 18, 32 Negoro et al. 18 and Laube et al. 32 have demonstrated that more than 50% of implanted P atoms act as ionized donors at RT in 4H-SiC using similar implantation dose and annealing conditions. Substitutional P atoms should not cause the lattice expansion in 4H-SiC crystals, since P atoms have a smaller covalent radius than Si atoms. Therefore, the c-lattice expansion observed in the P þ -implanted layers cannot be explained by the atomic size difference. In addition to the lattice expansion, Figs. 2(b) and 2(c) also show that the two reflection peaks are located at the slightly different q x values ðq x : ½11 20Þ, meaning that the basal planes of the P þimplanted layers are tilting with respect to the basal planes of the epilayers. The observed tilt direction is schematically shown in Fig. 3 . The tilt angle is overscaled in the illustration. In this figure, the incident x-ray direction used for the RSM measurements in Fig. 2 is also indicated. The relative peak positions in the RSM images were reversed when the direction of the incident x-ray was rotated by 180 , i.e., the peak from the implanted layer is located at larger q x values than the epilayer peak. When P ions were implanted with 5 Â 10 19 atoms=cm 3 , the c-lattice mismatch between the implanted layer and the epilayer can be estimated as about 9:5 Â 10 À4 , and the tilt angle as about 0:012 . These values increased as the implantation dose increases. More detailed evaluation is described in Sec. III B. Figs. 4(a) and 4(b) depict the RSM images for (0008) reflection of the Al þ -implanted ((a) 1 Â 10 19 and (b) 5 Â 10 19 atoms=cm 3 ) and annealed 4H-SiC. The c-lattice expansion and c-axis tilt were also observed in the high-dose Al þ -implanted sample ( Fig. 4(b) ). The tilt direction observed in the Al þ -implanted sample is the same as that observed in the P þ -implanted samples. Moreover, N þ -implanted samples also show the similar results. The RSM image of N þimplanted 4H-SiC with 5 Â 10 19 atoms=cm 3 is shown in Fig. 4(c) . Note that all the implanted samples with a relatively low concentration of 1 Â 10 19 atoms=cm 3 , did not cause detectable peak splitting in (0008) RSM images. From these results, it is confirmed that the c-lattice expansion and c-axis tilt are caused by high-dose ion implantation, irrespective of ion species, and that the tilt direction is identical for all the implanted 4H-SiC. In addition, a similar result was observed on the RSM image of the ðC þ þ Si þ Þ co-implanted sample. Since ðC þ þ Si þ Þ co-implantation also causes the c-lattice expansion and c-axis tilt, implantation-induced damage, especially extended defects, should contribute to the lattice parameter change. The detail is discussed in Sec. III B. Fig. 5 depicts the c-lattice mismatch between the implanted layers and the epilayers, obtained from the (0008) RSM measurements on ion-implanted 4H-SiC, as a function of the implanted ion concentration. In this figure, the result taken from the ðC þ þSi þ Þ co-implanted (C þ : 2:5 Â10 19 atoms=cm 3 , Si þ : 2:5 Â 10 19 atoms=cm 3 ) sample is also included. Fig. 5 indicates that heavier ions tend to cause larger lattice mismatch at a given concentration of implanted atoms, and the slope of the plot is close to unity. Since heavier ions generate higher amount of interstitial atoms (and vacancies) in the crystals, it is likely that interstitial atoms generated by ion bombardment play an important role. Several authors have reported lattice parameter change of 4H-SiC crystals induced by substitutional nitrogen or aluminum atoms. [20] [21] [22] [23] Their results indicate that lattice mismatch between undoped and N-doped ð$ 4 Â 10 19 cm À3 Þ layers is very small, in the order of 10 À5 , and lattice mismatch between undoped and Aldoped ð$ 4 Â 10 À20 cm À3 Þ layers is also small, in the order of 10 À4 . It should be noted that the c-lattice mismatch observed in ion-implanted 4H-SiC ð4:0 Â 10 À4 $ 1:7 Â 10 À3 Þ is much larger than the lattice mismatch induced by substitutional dopant atoms. In Fig. 6 , the c-lattice mismatch is plotted as a function of interstitial ðI C þ I Si Þ concentration calculated by SRIM simulation. Threshold energy for atomic displacement of 22 eV was assumed. This calculation did neither include annealing effect during the hot-implantation nor include the effect of damage accumulation. Since high-dose ion implantation was performed at 600 C in this study, the calculated interstitial concentration is actually overestimated, e.g., the interstitial concentration should not exceed the atomic density in SiC ð1 Â 10 23 cm À3 Þ. As seen from Fig. 6 , the c-lattice mismatch approximately follows a straight line, irrespective of implanted ion species, which supports the above assumption that interstitials may be responsible for the lattice mismatch. The lattice mismatch observed in N þ -implanted samples slightly deviates from the straight line in the figure, especially when the implant dose is very high. One possibility is that precipitation of nitrogen atoms might contribute to the lattice expansion, since the solubility limit of nitrogen atoms in SiC is lower than that of phosphorous and aluminum atoms. 18, [32] [33] [34] It has been reported that excess interstitials generated by ion bombardment create secondary defects after hightemperature annealing. 7-9 TEM images were taken on ionimplanted samples. The thickness of TEM specimens was about 0:2 lm, and the TEM observation was operated at an energy of 300 keV. Fig. 7 shows the plan-view TEM image taken with the h0001i zone axis for the P þ -implanted sample with 1 Â 10 20 atoms=cm 3 . Dark contrasts were observed in the implanted and annealed sample. It is difficult to identify the exact structure of these dark contrasts only from this TEM image. Ohno and Kobayashi reported high-resolution TEM images of ion-implanted and annealed 4H-SiC. 7 They showed that Si-C bilayers parallel to the (0001) basal planes are inserted after ion-implantation and high-temperature annealing. During annealing, platelet defects on the same basal plane move towards each other until they coalesce into one. 9 Taking account of the previous reports, similar defects may be created in the present samples. The lattice mismatch observed in this study might be caused by the extra planes created after high-dose ion implantation and annealing.
B. Discussion
The generation of extra planes may also be responsible for the c-axis tilt when the implanted samples have off-axis. Fig. 8 shows the cross-sectional TEM image taken with the ½11 20 zone axis for the P þ -implanted sample with 1 Â 10 20 atoms=cm 3 . It can be confirmed that the (0001) basal planes are locally distorted by the extra planes. In the high-dose ion-implanted 4H-SiC, the crystallographic tilt may be introduced to accommodate the vertical lattice mismatch, as schematically shown in Fig. 9 . The tilt direction observed in this study is consistent with the model shown in the figure. Fig. 10 shows the relation between the c-lattice mismatch and the tilt angle. In heteroepitaxial growth of other semiconductors, crystallographic tilt between different materials is generally explained by the Nagai's model. 35 In the Nagai's model, the tilt angle is given by the formula: tana ¼ ðDd=dÞtan/, where a, Dd=d, and / are the tilt angle, vertical lattice mismatch, and off-cut angle, respectively. In Fig. 10, a 22 In these reports, it was suggested that the c-axis tilt can be explained by the Nagai's model. However, the crystallographic tilt observed in this study is introduced not by pure lattice mismatch but by extra planes, which locally distort the crystal lattice. Therefore, the situation is somewhat different from heteroepitaxial growth systems. The authors also investigated the implantation-induced misorientation for 4 off-cut samples. Aluminum ions were implanted into 7 lm-thick lightly doped n-type epilayers with an implanted atom concentration of 1 off-cut sample with 5 Â 10 19 atoms=cm 3 , the c-lattice mismatch was estimated as about 1:1 Â 10 À3 , and the tilt angle as about 0:008 , while the c-lattice mismatch and tilt angle are about 1:0 Â 10 À3 and about 0:018 in the Al þ -implanted 8 off-cut sample with 5 Â 10 19 atoms=cm 3 . The different off-cut angle does not affect the value of c-lattice mismatch very much. However, the tilt angle is clearly smaller in the case of lower offcut angle samples. This result also suggests that the c-axis tilt depends on the off-cut angle of the substrate in addition to the vertical lattice mismatch (smaller c-axis tilt on lower off-cut angle). However, the tilt angle is also higher than the value predicted by the Nagai's model assuming 4 off-cut substrates as shown in Fig. 10 . Therefore, the crystallographic tilt observed in this study cannot be explained with the Nagai's model, as described in the last paragraph.
IV. CONCLUSION N þ , P þ , Al þ , or ðC þ þ Si þ Þ-implanted 4H-SiC epilayers were characterized with RSM measurements in XRD. The (0008) RSM images revealed that the c-lattice expansion and c-axis tilt are introduced by high-dose ion-implantation and subsequent annealing, irrespective of ion species. The observed c-lattice mismatch between the implanted layers and the epilayers is in the range from 4:0 Â 10 À4 to 1:7 Â 10 À3 . The c-lattice mismatch is almost in proportion to the interstitial concentration generated by the ion bombardment. The authors conclude that extra planes formed after the implantation and activation-annealing process may be responsible for the c-lattice expansion. The c-axis tilt may be caused by the vertical lattice expansion, which is induced by extra planes, and the off-cut substrates. 
